The cerebellum is a modular structure that integrates information in a topographical manner. The membrane receptors of the Eph family and their ligands play important roles in early regionalization, as well as in the formation of topographic connections of the nervous system. Here, we show that the expression of the Eph receptors -A4 and -A7, and of their ligands ephrin-A5 and -A2 correlates with the establishment of territories along the rostro-caudal axis and with the formation of topographically organized connections between the cortex and the cerebellar nuclei. While some sites where co-expression of receptors and ligands are evident, their relative expression mainly define sharp limits along the rostro-caudal axis and, at later stages, complementary gradients in the Purkinje cell layer and the deep cerebellar nuclei. q
Results and discussion
The folded nature of the cerebellum (ten lobules: I-X according to Larsell, 1948 ) is a characteristic conserved in avians and mammals (Larsell, 1970) . Transversal lobules and fissures are evident at the morphological level, and the establishment of parasagittal territories has been demonstrated by neurophysiological and neuroanatomical studies as well as by banded patterns of gene expression (Hawkes and Gravel, 1991; Herrup and Kuemerle, 1997) . The cerebellum is also functionally divided into rostral and caudal domains as witnessed by gene expression studies (Millen et al., 1995) and the analysis of mutations that specifically affect rostral (leaner, Herrup and Wilczynski, 1982; and meandertail, Hamre and Goldowitz, 1996) or caudal lobules (en-2 mutant, Joyner et al., 1991; Kuemerle et al., 1997) .
EphA receptors and their ligands are thought to participate in lobule specification (Rogers et al., 1999) and in the segregation of Purkinje cells (PC) into alternating parasagittal compartments (Lin and Cepko, 1998; Karam et al., 2000) . Here, we analyse the expression of EphA4 and -A7 and their ligands ephrin-A5 and -A2 in the developing chick cerebellum at stages HH34-HH38 (E8-12) (Hamburguer and Hamilton, 1951) .
Expression of receptors and ligands along the rostrocaudal axis at prelobular stages
At HH34-35, both EphA7 and -A4 are expressed in the caudal mantle region, and in a mass of nuclear cells (Fig.  1A, B) . Within the mantle region, an additional domain of ephrin-A5 and ephrin-A2 expression was seen in the intermediate region (asterisks in Fig. 1A-D) . Thus, at parasagittal levels, three different regions of expression are evident, with both receptors and ligands co-expressed in the rostral and caudal areas and only ligand transcripts found in the intermediate region. These divisions are marked by the existence of thin stripes of mantle tissue where neither ligand nor receptors are expressed. This is reminiscent of the expression of EphA7 in the developing hindbrain, where transcripts are excluded from the rhombomere boundaries (Araujo and Nieto, 1997) . In more lateral positions, these divisions are not observed (Fig. 1E, F) . Superimposed with the distinct domains of expression, gradients are detected within some individual domains (Fig. 1C, D) . Additionally, both EphA7 and ephrin-A5 are co-expressed in the external granule layer (EGL) (Fig. 1A, C) , while EphA4 and ephrin-A2 colocalise in the ventricular neuroepithelium (Fig. 1B,  D) . As already published, ephrin-A5 and ephrin-A2 are expressed in the rombencephalic isthmus and the optic tectum (Gale et al., 1996; Fig. 1C, D) . Karam et al. (2000) proposed that EphA4 and ephrin-A5 Our results show that they may also play a role in defining territories within the cerebellum.
Expression in the cerebellar cortex relative to that of the deep nuclei
In mammals and birds, PC's aggregate in clusters and migrate from the proliferative zones to form the cortical layer, each cluster following a different pathway within the cerebellar primordium (Altman and Bayer, 1997; Lin and Cepko, 1999) . Packages of presumed migrating PC neuroblasts express EphA4 in lateral regions at st HH34 (Fig. 1F) .
In horizontal sections, clusters of presumed PC's expressing either EphA7 (Fig. 2A ) or its ligands (Fig. 2B, C) were detected at different rostro-caudal levels. An interesting correlation was observed between the expression in specific clusters and the nuclei located at the same level ( Fig. 2A, B) , revealing a tight cortico-nuclear relationship that may underlie a functional organisation.
The cortical expression patterns of receptors and ephrins at HH37-38 revealed overlapping and complementary gradients of expression that again define three regions along the rostro-caudal axis (Fig. 2E) . High levels of ephrin-A5 and -A2 expression were observed in the PCL of the rostral lobules (Fig. 2G, H , K, N, P), although ephrin-A5 expression extended more caudally than that of ephrin-A2 (Fig. 2G, H) . In contrast, EphA7 was predominantly expressed in the PCL of the caudal lobules (Fig. 2F, O) although some expression was detected in the most anterior ones (Fig. 2F, M) . Similar gradients of expression along the rostro-caudal axis were also described in either wholemounted (EphA4, EphA5: Lin and Cepko, 1998) or sectioned specimens (EphA4, EphA3, ephrin-A5 and ephrin-A2: Karam et al., 2000) . Here, we show the expression of EphA7 and the comparison between receptors and ligands allows the visualization of complementary gradients along the same axis in the cortex.
The cells of the cerebellar nuclei express both receptors and ligands as early as they settle (Fig. 1A-D) . A complementary expression pattern is observed for EphA7 and its ligands in the medial nucleus (Fig. 2F-H) where the highest levels of EphA7 expression are found caudally (Fig. 2F) , as opposed to the rostral accumulation of both ephrin-A5 and -A2 transcripts (Fig. 2G, H) . A similar complementary expression of receptors and ligands was observed in the cortex (Fig. 2F-H) , which can be better assessed in the whole-mounted preparations ( Fig.  2M-P) . Considering the topographic organization of the cortico-nuclear projections, the relative expression of receptors and ligands is compatible with the establishment of topographically ordered connections, in a situation reminiscent of that found during the formation of topographic maps in the visual system (Drescher et al., 1995; Marín et al., 2001) . Interestingly, the differential distribution of members of the Eph/ephrin A subfamily along the rostro-caudal axis in the chick (Karam et al., 2000 and our data) is paralleled in mouse by the expression for members of the B subfamily (Rogers et al., 1999) . Although within the same subfamily, other cases of interspecific change in the expression of different family members have been reported. Indeed, ephrin-B1 and -B2 are expressed in the caudal half of the sclerotome in the chick and mouse, respectively (Wang and Anderson, 1997; Krull et al., 1997) .
Expression in the raphes
The migration of granule cells from the EGL to form the inner granule layer (IGL) seems to be an event conserved from birds to primates (Karam et al., 2001 ). The cells follow pathways along parasagittal linear arrays called raphes (Feirabend, 1990 ). The expression of EphB2 and EphA3 in migrating granule cells has been demonstrated previously, while EphA4, EphA5 and Shh are expressed in the PC's surrounding these migratory pathways (Lin and Cepko, 1998; Karam et al., 2000) . Here, we show that EphA7 is expressed in granule cells in the raphes (Fig. 3B , E, G, J) and that the adjacent PC's express its ligands, ephrin-A5 and -A2 (Fig. 3C, F, H, I , K, L). These results suggest that the interaction of EphA7 with its ligands may provide cues for granule cell migration along the raphes in addition to those given by EphB2/EphA4 (Lin and Cepko, 1998; Karam et al., 2000) .
Material and methods
Brains were dissected from stage HH34 to HH39 chick embryo's, fixed overnight in 4% paraformaldehyde (PFA) at 48C and either embedded in paraffin or included in gelatin. Vibratome sections (100 mm) were used for free-floating mRNA in situ hibridization as described in Marín et al. (2001) . The EphA7 probe corresponded to a 1422 bp fragment of the cDNA sequence (Araujo and Nieto, 1997) . The EphA4 and ephrin-A2 probes corresponded to reverse transcriptase polymerase chain reaction (RT-PCR) fragments amplified as described in Sefton and Nieto (1997) and the ephrin-A5 probe was synthesized from a full length cDNA plasmid kindly provided by Uwe Drescher. Paraffin sections (7 mm) were stained with hematoxylin and eosin for histological analyses.
